High efficient removal and recovery of uranium and thorium from nuclear waste solution are essential for environmental preservation and fuel recycle. A new polymer fiber adsorbent (UHMEPE-g-PAO fiber), prepared by amidoximation of grafted polyacrylonitrile onto Ultra High Molecular Weight Polyethylene (UHMWPE) fiber, was used to remove the uranyl and thorium ions from acid aqueous solutions and its performance was carefully investigated. It was found that uranyl ion can penetrate the fiber through the connected pore structures, forming (UO 2 ) (R-C(NH 2 )-NO) 2 chelates with the amidoxime groups within the fiber. Two amidoxime groups (U-N and U-O eq ) and two water molecules (U-O eq2 ) are bound to uranyl ion in the fiber. On the contrary, thorium ions are adsorbed mainly on the fiber surface in the form of Th(OH) 4 precipitate that blocks the entrance of Th 4+ ion into fiber pores. The maximum included other two capacities of uranyl and thorium ions were estimated to be 262.01 mg/g and 160 mg/g at room temperature with pH 3.0, respectively. The results also indicate that the UHMWPE-g-PAO fiber has higher adsorption selectivity for uranyl ion than thorium ion. Uranium and thorium oxide particles were obtained as the ultimate product after sintering of the fiber adsorbent. This novel and environmentally friendly adsorption process is feasible to extract uranium or thorium from acidic aqueous solution.
Introduction
Nuclear energy is considered as one of the best sources of clean energy without pollut-ing the environment by ejecting carbon dioxide. Meanwhile, the high level liquid waste, containing uranium, minor actinides, or thorium, will be produced. One major challenge is the disposal of nuclear waste [1] [2] [3] including the removal and recovery of radionuclides with minimum impact on the environment. From the point view of uranium resources and environmental protection [4] [5] , separation and recovery of the essential uranium element in nuclear waste solution are also of great significance. Solid phase extraction [6] [7] (SPE) has been considered to be one of the most effective methods for recovery of materials because of its simplicity, low cost and wide adaptability [8] .
In many cases, the liquid waste is present as acidic aqueous solutions. The adsorbent should have an adequate stability in the acidic aqueous solutions. Among the various solid-phase extractants, UHMWPE fiber adsorbent may have potential application due to its higher tensile strength, excellent acid/base stability, and ease of handling. UHM-WPE fiber alone does not have any capability to capture metal ion from aqueous solution, and functional ligands have to be anchored to the surface of UHMWPE fiber. Recently, numerous scientists have focused on sorbents combined with organic functional groups such as amino [9] , polyhydroxyethylmethacrylate [10] [11] , amidoxime (AO) [7] [12] [13] , mercapto [14] etc. The sorbents with binding groups are promising candidates for sorption of actinides. Amidoxime groups have high selectivity and capacity for sorption of uranium ions in aqueous solution with η 2 -binding mode [7] [12] [13] .
For example, the AO-based (AO: amidoxime) polyethylene nonwoven fabric was used for sequestering uranium from seawater and separate uranium from very lean sources of aqueous solutions at near neutral pH condition [15] [16] . The MWCNT-g-AO [13] has previously been reported of the uranium sorption capacity of 145 mg•g −1 and a strong selectivity at pH 4.5. The electrospun polyvinyl alcohol/titanium oxide nanofiber adsorbents modified with mercapto groups show larger capacity for thorium than uranyl in aqueous solution [14] . The polyhydroxyethylmethacrylate-pumice composites [10] possess high affinity to the uranium and thorium ions at different pH, ion concentration, and ionic strength. The chitosan/clinoptilolite sorbents [17] also have high affinity for uranium and thorium ions in simulated radioactive solution in the presence of Cu 2+ , Fe 2+ and Al 3+ .
Polyacrylonitrile can be grafted onto the surface of UHMWPE fiber by pre-irradiation method [18] and the amidoximated UHMWPE (UHMWPE-g-PAO) fiber can be obtained by treating with hydroxylamine. The objective of this work is to explore the use of UHMWPE-g-PAO fiber for selective adsorption and recovery of uranium and thorium from acidic aqueous solution. Micro structure and distribution of adsorbed ions in the fiber adsorbent were analyzed by μ-CT, TEM, FTIR and EXAFS in order to understand the adsorption mechanism. The ultimate product of uranium and thorium was obtained by sintering of the fiber adsorbent. The entire process is feasible and environmentally friendly.
Materials and Methods
Sample Preparation. UHMWPE-g-PAO fibrous adsorbent was prepared by ɣ-irradiation induced graft polymerization of acrylonitrile (AN) and acrylic acid (AA), followed by amidoximation. The detail reaction process was outlined in our previous work [18] [19] [20] . The degree of grafting (DG) [20] of the obtained UHMWPE fiber was 150%, determined by calculating the weight increment ratio.
The UHMWPE-g-PAO fiber was soaked in aqueous solutions of UO 2 (NO 3 ) 4 and Th(NO 3 ) 4 individually, and their mixed solution as well, at pH 3 for 24 h at room temperature. The concentrations of uranyl ion and thorium ion in the acidic aqueous solution were varied from 1 to 100 mM. The fiber adsorbent samples were taken out and washed with pure water for three times, then dried overnight in the drier with the temperature about 65˚C.
Microstructure Investigation. The X-ray tomography was performed at the X-ray , and presented in R-spaces. Meanwhile, the Th(OH) 4 was taken as reference sample.
Concentration Measurement. Each of the fiber adsorbent samples was digested by 4 ml of the pure 65% HNO 3 (highest grade available) with heating in microwave oven (Milestone Ethos). After microwave digestion, each digest was transferred into a beaker and diluted with pure water to a final volume of 20 ml. The concentrations of U and Th elements were analyzed by ICP-AES (Optima 8000, Perkin Elmer). The accuracy of the analytical technique was confirmed using a reference material (GBW04102).
Ultimate Products. The fiber adsorbent samples were collected, and conducted in an electric muffle furnace in the presence of air to 1200˚C for 12 h. The morphology of ultimate processing products was observed with a scanning electron microscope (SEM-EDX, LEO 1530 VP, Zeiss).
Results and Discussion
The distribution of uranyl and thorium in the UHMWPE-g-PAO fiber
Considering the different X-ray absorption coefficients of uranyl, thorium and UHMWPE fiber, the 3D distributions of uranyl and thorium in UHMWPE-g-PAO fiber were determined by SR-μ-CT without damaging the samples, as shown in Figure 1 . through the whole cross section in every slice. However, after the soaking with 100 mM Th(NO 3 ) 4 solution, the surface of UHMWPE-g-PAO fiber was distorted and thorium compound only existed in the surface of the fiber (Figure 1(b) ). It was also proven by the SEM and EDX results as shown in Figure S1 . The orange regions are the signature of the uranyl compounds and fiber itself as shown in Figure 1(c) . On the other hand, the silvery white region should be the thorium compounds in the fiber as shown in Figure 1(d) . The calculated volume fractions of uranyl and thorium compound, indicated in 3D tomography, were approximately 95% and 9%, respectively. It means that large amount of the uranyl compounds enter into UHMWPE-g-PAO fiber without changing the fiber's morphology. However, the thorium only existed on the surface and changed the surface morphology of the fiber. It might be caused by the different absorption mechanism of UHMWPE-g-PAO to uranyl and thorium ions.
Ultrastructure characterizations of UHMWPE-g-PAO fiber soaked with water, 100 mM UO 2 (NO 3 ) 4 solution and 100 mM Th(NO 3 ) 4 solution are shown in Figure 2 . After soaking with water, it looks like a gel with uniform pore structure as shown in Figure   2 (a). The pore diameter was about 25 nm to 100 nm at the edge of the fiber ( Figure   2 (d)), but was less than 10 nm inside the fiber (Figure 2(g) ). Meanwhile, the pore size in the UHMWPE-g-PAO fiber is much larger than the size of uranyl ions and thorium ions. Furthermore, it was also found that all the pores were connected. Such pore structure of the fiber could provide more channels and active sites for the collected ions to go inside [29] [30]. After soaking with 100 mM UO 2 (NO 3 ) 4 solution, uniform pore structure is also seen in the fiber (Figure 2(b) ), the pore diameters both at edge and inside of fiber are larger than that of fiber soaked with water. It is larger than 150 nm and 100 nm at the edge and inside of the fiber, respectively. However, the fiber surface became cured, and not gelatinous anymore. It means that the uranyl ion might go inside through the connected pore structure, and occupy the active sites of the fiber. Therefore, the uranyl ions are distributed evenly in the whole section of the fiber. After soaking with 100 mM Th(NO 3 ) 4 solution, much dense region is found among the pore structure as shown in Figure 2 (c). Interestingly, the pore structure and surface characterizations at the edge (Figure 2(f) ) are similar to the fiber soaked with 100 mM UO 2 (NO 3 ) 4 solution. But inside of the fiber (Figure 2(i) ), it is much similar to the fiber soaked with water. As well known, the thorium ion can be easily hydrolyzed at pH > 3
and form thorium precipitate. The pH value of 100 mM Th(NO 3 ) 4 solution is about 3, thus the dense regions might be of thorium precipitate adsorbed on the fiber, blocking the pore structure. Therefore, thorium ion could not go inside of the fiber through the pore structure. This is the reason that the thorium compound is only found on the surface of fiber.
Structural characterization of uranyl and thorium in the UHMWPE-g-PAO fi- 4 solution, and will react with amidoxime groups in the fiber, as shown in Equation (1). This will lead to an increase of pH followed by precipitation of thorium due to hydrolysis and accumulating on the surface of the fiber.
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The EXAFS spectra are applied to understand the coordination environment of PAO-uranyl bonding after the fiber soaked with 100 mM UO 2 (NO 3 ) 4 solution. The , and also shows a significantly difference in the intensity of the FT peak at ~2 Å (without phase shift). With the results of EXAFS fitting parameters as shown in Table 1 [35] crystal and uranyl hydroxo complex [36] . Compared with these previous results, it is suggested that the uranyl ion is surrounded by hydroxyl groups and water molecules but for the amidoxime group on the surface of the fiber. With the above FTIR results, no nitrate ions as counter ions adsorbed on the fiber. And two band shifts (N-O band and −NH 2 band)
were happened in the fiber after soaking. Therefore, two amidoxime groups (U-N and U-O eq ) and two water molecules (U-O eq2 ) as ligand coordinate with uranyl ion are existed in the fiber samples and the proposed structural of uranyl compound in UHM-WPE-g-PAO fiber is shown in Figure 4 .
Besides, EXAFS spectra of Th -loaded fiber after soaking in 100 mM Th(NO 3 ) 4 was also recorded ( Figure 5 ). As a reference, the spectra of Th(OH) 4 precipitate reported by Shi [37] are also presented in Figure 5 . It is seen that the spectra of Th in UHMWPE-g-PAO fiber and Th(OH) 4 precipitate show almost same oscillation mode and the same intense FT peaks in the range of 1 -4 Å without phase shift. There is a small peak at ~2.5 Å in Th(NO 3 ) 4 solution, which is not found in other two samples. Combined with the above FTIR results, no nitrate ions as counter ions absorbed on the fiber. Therefore, the thorium ions in fiber might exist as the compound of Th(OH) 4 precipitate.
Adsorption behavior of UHMWPE-g-PAO fiber
The adsorption behavior of UHMWPE-g-PAO fiber to the uranyl and thorium ions is determined by ICP-AES and shown in Figure 6 . According to FTIR and EXAFS results, uranyl sorption by the fiber was involved a specific number of chelating sites and thus compatible with the Langmuir model [38] . The fitting of data by Langmuir isotherm model is shown in Figure 6 (a). The uranyl ion sorption capacities of the fiber soaked with UO 2 (NO 3 ) 4 solution and mixed solution are estimated to be about 262.01 mg/g and 236.69 mg/g, respectively, when the uranyl ion concentration is higher than 30 mM. The uranyl adsorption capacities of fiber are similar in two acid solutions. Besides, the maximum thorium ion adsorption capacity of fiber is about 160 mg/g and 100 mg/g after soaking with thorium solution and mixed solution, separately. And the thorium sorption capacity of fiber is significantly different with different solution concentrations. Interestingly, the thorium ion sorption capacity of the fiber is significantly decreased when thorium concentration is higher than 60 mM. This result indicates that uranyl sorption capacity of the fiber is stable, and not interrupted by thorium ion. But the thorium sorption capacity is much lower in the presence of uranyl ion. For uranyl ions in acid solution, it can penetrate the fiber through the connected pore structures, forming (UO 2 )(R-C(NH 2 )-NO) 2 chelates with the amidoxime groups within the fiber.
Uranium adsorption was not interrupted by co-existing with thorium ions. The Th(OH) 4 precipitate was formed with decrease of H + ions in the acid solution. And the precipitate thus blocked the connected pore structures. Therefore, the uranyl sorption capacity of fiber is much higher that thorium. For mixed acid solution, the increasing of the uranyl concentration, more H + will be produced with the reaction between the amidoxime group in fiber and uranyl ions. Therefore, hydrolysis of thorium ion could not happen anymore when pH value is lower than 2. This phenomenon explains why the thorium ion sorption capacity of the fiber is significantly decreased in the mixed solution of uranyl and thorium ion at the concentration of 100 mM. The UHMWPE-g-PAO fiber is thus emerged as a new sorbent with more selective toward uranyl ion over vanadium.
Ultimate Processing
The UHMWPE-g-PAO fibers were collected after adsorption, and sintered in an electric muffle furnace in the presence of air to 1200˚C for 12 h. The sintering products were observed with SEM ( Figure 7 ). The uneven uranium particulate matter, formed as uranium oxide, with diameter range from 500 nm to 20 μm was obtained (Figure 7 powders with the adsorption of UHMWPE-g-PAO fibers and sintering. Moreover, the process was environmentally friendly.
Conclusion
In this work, a new polymer fiber adsorbent (UHMEPE-g-PAO fiber), prepared by amidoximation of grafted polyacrylonitrile onto ultra high molecular weight polyethylene (UHMWPE) fiber, was used to remove the uranyl and thorium ions from acid aqueous solutions and its performance was carefully investigated. The results indicated that uranyl ion can penetrate the fiber through the connected pore structures, forming (UO 2 )(R-C(NH 2 )-NO) 2 chelates with the amidoxime groups within the fiber. And it was also found that two amidoxime groups (U-N and U-O eq ) and two water molecules (U-O eq2 ) are bound to uranyl ion in the fiber. On the contrary, thorium ions are adsorbed mainly on the fiber surface in the form of Th(OH) 4 precipitate that blocks the entrance of Th 4+ ion into fiber pores. Moreover, the maximum adsorption capacities of uranyl and thorium ions by this fiber were estimated to be 262.01 mg/g and 160 mg/g at room temperature with pH 3.0, respectively. From our results, it indicates that the UHMWPE-g-PAO fiber has higher adsorption selectivity for uranyl ion than thorium ion. Uranium and thorium oxide particles were obtained as the ultimate product after sintering of the fiber adsorbent. The process of the amidoximated-UHMEPE fiber removal of uranyl and thorium from acid aqueous solution was shown in Figure 8 . This novel and environmentally friendly adsorption process is feasible to extract uranium or thorium from acidic aqueous solution.
